Doxycycline is widely used for malaria prophylaxis by international travelers. However, there is limited information on doxycycline efficacy in Kenya, and genetic polymorphisms associated with reduced efficacy are not well defined. In vitro doxycycline susceptibility profiles for 96 Plasmodium falciparum field isolates from Kenya were determined. Genetic polymorphisms were assessed in P. falciparum metabolite drug transporter (Pfmdt) and P. falciparum GTPase tetQ (PftetQ) genes. Copy number variation of the gene and the number of KYNNNN amino acid motif repeats within the protein encoded by PftetQ were determined. Reduced in vitro susceptibility to doxycycline was defined by 50% inhibitory concentrations (IC 50 s) of >35,000 nM. The odds ratio (OR) of having 2 PfTetQ KYNNNN amino acid repeats in isolates with IC 50 s of >35,000 nM relative to those with IC 50 s of <35,000 nM is 15 (95% confidence interval [CI], 3.0 to 74.3; P value of <0.0002). Isolates with 1 copy of the Pfmdt gene had a median IC 50 of 6,971 nM, whereas those with a Pfmdt copy number of >1 had a median IC 50 of 9,912 nM (P ‫؍‬ 0.0245). Isolates with 1 copy of PftetQ had a median IC 50 of 6,370 nM, whereas isolates with a PftetQ copy number of >1 had a median IC 50 of 3,422 nM (P < 0.0007). Isolates with 2 PfTetQ KYNNNN motif repeats had a median IC 50 of 26,165 nM, whereas isolates with 3 PfTetQ KYNNNN repeats had a median IC 50 of 3,352 nM (P ‫؍‬ 0.0023). PfTetQ sequence polymorphism is associated with a reduced doxycycline susceptibility phenotype in Kenyan isolates and is a potential marker for susceptibility testing.
P
lasmodium resistance to antimalarials is one of the major obstacles in global malaria control efforts (1) . The emergence and spread of resistance to antimalarials such as chloroquine and sulfadoxine-pyrimethamine, which were once first-line drugs, have rendered these drugs ineffective in most areas of malaria endemicity. This has compromised control programs and malaria elimination efforts (2) . The emergence of resistant Plasmodium falciparum encouraged efforts to find an alternative class of drugs, including antibiotics such as tetracycline which was shown to have antimalarial activity. Treatment and prophylactic efficacy of tetracyclines such as doxycycline, tetracycline, and minocycline against chloroquine-resistant P. falciparum have been investigated (3, 4) . Doxycycline has been shown to be a slower-acting blood schizonticide during the course of an acute Plasmodium infection than other antimalarials. However, it achieves good treatment efficacy when given with rapidly acting schizontocidal drugs such as quinine or quinidine (5) . Doxycycline has also been shown to be an effective prophylactic drug when administered as a monotherapy given at 100 mg once a day starting 1 to 2 days before travel to an area of malaria endemicity, daily during travel, and for 4 weeks after return from a malarious region (5) . As a prophylaxis, it is recommended for travelers visiting countries where malaria is endemic, especially in regions with chloroquine-and multidrugresistant Plasmodium parasites (6) . Chemoprophylaxis is useful in limiting the spread of drug-resistant parasite strains within and between different localities. The emergence of resistant parasites involves evolutionary recombination events within the parasite genome which give rise to de novo polymorphisms and a subsequent selection process, in which survival advantage in the presence of the drug leads to preferential transmission, propagation, and the spread of resistance-conferring gene alleles within parasite populations (7, 8) .
The Centers for Disease Control and Prevention (CDC) estimates that 1,500 malaria cases are diagnosed in the United States annually among tourists and deployed personnel such as the military returning from countries of malaria endemicity. Malaria is also imported to Europe, with more than 6,000 such cases reported in 2010 according to the World Health Organization (WHO). Therefore, it is important that parasite drug resistance profiles be monitored in areas of malaria endemicity that are of interest to international travelers and nations. Chemoprophylaxis and drug regimens to which there is a considerable level of resistance within the indigenous population should not be recommended for international travelers and deployed personnel.
Clinical failure of doxycycline therapy and prophylaxis has been attributed to administration of a suboptimal dosage (9) and poor compliance (10) . This was evident in 2009 when a Navy Seabee deployed to Liberia died of malaria; his death was attributed to poor compliance to mandated doxycycline prophylaxis of all U.S. personnel deployed in regions of malaria endemicity (11) . Clinical failure could also be attributed to cycline resistance in Plasmodium. This has been examined in a murine malaria model where Plasmodium berghei-infected mice were exposed to increasing concentrations of minocycline, resulting in a resistant parasite strain with a 50% inhibitory concentration of (IC 50 ) of 600 mg/kg of body weight/day (12) .
Studies have shown a link between specific gene polymorphisms and malaria drug treatment outcomes. Allele variations in codons 86, 184, and 1246 in P. falciparum multidrug resistance gene 1 (Pfmdr1; PFE1150w) is an example of such a genetic link which renders parasites resistant to several drugs, including mefloquine (13) and lumefantrine (14) . An increase in Pfmdr1 gene copy number also renders parasites resistant to mefloquine (15) . However, there is limited information on doxycycline cellular targets within P. falciparum. Using 90 isolates from 14 African countries (central and west Africa), Briolant et al. demonstrated that copy number increases of P. falciparum metabolite drug transporter (Pfmdt; PFE0825w) and P. falciparum GTPase TetQ (PftetQ; PFL1710c) genes as well as sequence polymorphism within the latter are associated with reduced susceptibility to doxycycline (16) . The correlation of increased copy numbers of the Pfmdt and PftetQ genes with reduced doxycycline susceptibility was later confirmed (17) . However, a study by Gaillard et al. did not show a significant association between doxycycline in vitro susceptibility and increased copy numbers of Pfmdt and PftetQ (18) . To further investigate the role of the Pfmdt and PftetQ genes in susceptibility of P. falciparum to doxycycline, the correlation between doxycycline in vitro susceptibility to Pfmdt and PftetQ gene polymorphisms in P. falciparum field isolates from western Kenya was assessed.
MATERIALS AND METHODS
Study sites and subjects. Samples used in this study were collected from Kisumu District Hospital (KDH) located in Kisumu town, in Kisumu county, western Kenya. Patients who were 6 months of age and older attending the outpatient clinic with uncomplicated malaria at KDH were enrolled into the study under an approved protocol by the Kenya Medical Research Institute (KEMRI) and Walter Reed Army Institute of Research (WRAIR) Ethical Review boards. Samples analyzed in this study were collected between 2010 and 2013. Written informed consent was obtained from adult subjects (Ն18 years old), and consent from legal guardians was obtained for subjects of Ͻ18 years old. The study excluded patients who had been treated for malaria in the 2 weeks preceding the visit to the clinic or who had severe P. falciparum malaria.
Sample collection and preparation. Microscopy and a rapid diagnostic test (RDT) (Parascreen Pan/Pf; Zephyr Biomedicals, Verna Goa, India) were used to screen and confirm that the patient was infected with P. falciparum malaria. Upon patient consent, 2 to 3 ml of whole blood from eligible participants was collected for in vitro culture, and 100 l was spotted onto FTA filter paper (Whatman Inc., Bound Brook, NJ, USA). Some of the whole blood was also aliquoted and cryopreserved. DNA was extracted from either whole blood or FTA filter paper using a QIAamp DNA minikit (Qiagen, Valencia, CA), as recommended by the manufacturer.
Doxycycline in vitro drug susceptibility testing. A previously described SYBR green I-based assay (19, 20) was used to test P. falciparum field isolates for in vitro susceptibility to doxycycline hyclate. Doxycycline was obtained from a commercial supplier (Sigma-Aldrich, Co., St. Louis, MO). Reference P. falciparum clone 3D7 obtained from the Malaria Research and Reference Reagent Resource Center (Manassas, VA, USA) was assayed together with the study isolates for internal control against the test drug. To prepare test drugs, 19.53 M doxycycline stock solution was prepared in 5 ml of 100% dimethyl sulfoxide. Prior to initiation of the drugtesting assay, the stock solution was lowered to a concentration of 48,828 nM and transferred to the first well of a 96-well microculture plate. Using a Biomek 2000 robotic work station (Beckman Coulter, CA, USA), the drug was further serially diluted in complete RPMI 1640 medium to 10 different concentrations ranging between 48,828 and 95.4 nM. The drug plates were prepared and used immediately or stored at Ϫ80°C for not longer than 1 month before use. Basic medium and complete RPMI 1640 culture medium enriched with glucose (0.2%), human serum (10%), and hypoxanthine (0.004%) were prepared as necessary for in vitro culture. Briefly, in vitro culturing was carried out at 5% hematocrit for 7 to 30 days to establish parasite growth of between 3 and 8% parasitemia. Before drug susceptibility testing was carried out, culture hematocrit was adjusted to 2%, and parasitemia was adjusted to 1%. To carry out susceptibility testing, 12.5 l of doxycycline at concentrations ranging from 48,828 to 95.4 nM were transferred onto 96-well microculture plates. On the same plates, culture-adapted sample at 2% hematocrit and 1% parasitemia was added, and the plates were incubated for 72 h as previously described (19) . After this duration, lysis buffer was added, and plates were incubated for a further 24 h in the dark. Parasite growth inhibition was quantified by measuring the per well relative fluorescence units (RFU) of SYBR green I dye using a Tecan Genios Plus plate reader with excitation and emission wavelengths of 485 nm and 535 nm, respectively, and with the gain set at 60. Data in the form of RFU counts was outputted directly to MS Excel. For analysis, the readouts were aligned with corresponding drug doses, and analysis was performed by GraphPad Prism software. The drug concentrations (x values) were transformed using the equation x ϭ log(x) and plotted against the counts (y values), and the data were analyzed by nonlinear regression (sigmoid dose-response/variable slope equation) to yield the IC 50 .
Pfmdt and PftetQ copy number determination. Pfmdt and PftetQ copy numbers were estimated using a 7500 Fast real-time PCR system (Applied Biosystems Inc., Foster City, CA) relative to the single-copy P. falciparum tubulin gene (PF10_0084). Oligonucleotide primer and probe sequences used for the assay were as previously described (21) . The PCR efficiencies of all the primer pairs were evaluated on a dilution series of P. falciparum 3D7 genomic DNA and were found to be sufficiently close to obviate the need for any correction factor. Individual PCRs were performed using 1ϫ Quantifast probe (Qiagen, Inc., Valencia, CA) and a final concentration of 0.5 M (each) forward primer, reverse primer, and probes and 1 l of template DNA in a final volume of 20 l. The reaction mixtures were prepared at 4°C in a 96-well optical reaction plate (Applied Biosystems Inc., Foster City, CA) covered with optical adhesive covers (Applied Biosystems Inc., Foster City, CA). The thermal cycling conditions were 95°C for 10 min and 40 cycles of 95°C for 15 s and 60°C for 1 min. Each sample was assayed in triplicate and analyzed with the SDS software, version 2.2.1 (Applied Biosystems Inc., Foster City, CA). The 2 Ϫ⌬⌬CT (where C T is threshold cycle) method of relative quantification was used to estimate copy number variation in the PftetQ and Pfmdt genes according to the following formula:
) calibrator , where the same genes are used for both the sample and calibrator (clone 3D7) and where tubulin represents the P. falciparum tubulin gene.
Genomic DNA extracted from P. falciparum 3D7, which has a single copy of each gene, was used for calibration, whereas the P. falciparum tubulin gene served as the control housekeeping gene.
Genotyping for PftetQ sequence polymorphisms. Extracted DNA from P. falciparum-positive isolates was used as templates for determining the variation in the number of PfTetQ KYNNNN motif repeats. This was done by conventional PCR using the primers PftetQ forward (5=-TCAC GACAAATGTGCTAGATAC-3=) and PftetQ reverse (5=-ATCATCATTT GTGGTGGATAT-3=), which were designed using primer 3 software, version 4.0.0, as previously described (21) . The final concentrations of PCR reactants were as follows: a 0.5 M concentration of each primer, 1ϫ PCR buffer, 4 mM magnesium chloride (MgCl 2 ), 0.02 units of Taq polymerase, 100 M (25 M each) deoxyribonucleotide mix. The final reaction volume was 20 l including 1 l of extracted P. falciparum DNA. PCR prod-ucts were purified by use of a QIAquick PCR purification kit (Qiagen, Inc., Valencia, CA), as per the manufacturer's instructions. The resultant purified PCR products were then sequenced using an ABI 3500xL genetic analyzer (Applied Biosystems Inc., Foster City, CA).
Statistical analysis. The raw DNA PftetQ sequences generated after sequencing were assembled into contigs using DNA Baser, version 3X (Heracle BioSoft S.R.L., Pitesti, Romania). BioEdit software, version 7.1.3 (Ibis Biosciences, Carlsbad, CA), was used to perform sequence alignment for the generated PftetQ contigs with the published 3D7 reference strain for the PftetQ gene. A Kruskal-Wallis test was used to test for differences in doxycycline in vitro susceptibility between isolates with and without the specified Pfmdt and PftetQ polymorphisms. Chi-square and Fisher's exact tests were used as appropriate to determine an association between Pfmdt and PftetQ genotypes and doxycycline susceptibility profiles for all the study isolates. Significance was defined as a P value of Ͻ0.05.
RESULTS

Determination of Pfmdt and PftetQ copy numbers and PfTetQ KYNNNN motif repeat variations.
A previous study observed a correlation between reduced doxycycline in vitro susceptibility and increased copy numbers of both the Pfmdt and PftetQ genes as well as a reduction in PfTetQ KYNNNN amino acid motif repeats from 3 to 2 copies or 1 copy (16). The PfTetQ KYNNNN motif repeats are situated between amino acid positions 816 and 833 (nucleotide positions 2448 to 2499). Figure 1 shows the prevalence of polymorphism in Pfmdt and PftetQ genes in all 96 analyzed sample isolates. The frequencies of Pfmdt and PftetQ copy numbers of Ͼ1 were 27% (26/96) and 21% (20/96), respectively. Sixtynine percent (66/96) of the sample isolates had 3 copies of the KYNNNN motif repeat (wild type), whereas 31% (30/96) had 2 copies (mutant). None of the isolates had 1 copy of the KYNNNN repeat. A haplotype combination of Pfmdt and/or PftetQ with a gene copy number of Ͼ1 and 2 copies of the PfTetQ KYNNNN motif repeats was observed in a subset of the isolates. As shown in Fig. 1 , nine isolates had a Pfmdt gene copy number of Ͼ1 and 2 copies of PfTetQ KYNNNN repeats, four isolates had Ͼ1 copy of the PftetQ gene and 2 copies of PfTetQ KYNNNN repeats, and one isolate contained both Pfmdt and PftetQ with copy numbers of Ͼ1 and 2 copies of the PfTetQ KYNNNN motif repeats. Doxycycline susceptibility testing. Doxycycline susceptibility testing was performed on 96 clinical isolates. The median IC 50 was 7,341 nM (interquartile range [IQR], 2,032 to 20,719) for the field isolates and 749.4 nM (IQR, 607.4 to 763.8 nM) for the 3D7 clone. Reduced in vitro susceptibility to doxycycline has been defined by an IC 50 of Ն35,000 nM (22) . In our study, 85% (82/96) of sample isolates had an IC 50 of Ͻ35,000 nM, with a median of 4,739 nM (IQR, 1,744 to 12,775 nM), whereas 15% (14/96) of the sample isolates had reduced in vitro susceptibility, with a median IC 50 of 49,952 nM (IQR, 40,212 to 70,580 nM). The highest observed doxycycline IC 50 was 119,805 nM. There was a reduction in the doxycycline median IC 50 over time in sample isolates collected during the study period of 2010 to 2013 (Fig. 2) .
Association between PftetQ and Pfmdt gene polymorphisms and doxycycline in vitro susceptibility. We further sought to correlate the obtained parasite IC 50 s (phenotypic characteristics) to the parasite genotype as described previously. Kruskal-Wallis analysis revealed significant differences in chemosusceptibility between wild-type isolates having 1 copy each of Pfmdt and PftetQ and 3 PfTetQ KYNNNN motif repeats relative to those with 2 or 3 copies of both genes and 2 PfTetQ KYNNNN motif repeats. Isolates with 1 copy of Pfmdt had a median IC 50 of 6,972 nM (IQR, 1,723 to 25,028 nM), whereas isolates with Ͼ1 copy of Pfmdt had a median IC 50 of 9,912 nM (IQR, 2,755 to 18,082 nM) (P ϭ 0.0245). Unexpectedly, isolates with 1 copy of PftetQ had a median IC 50 of 6,370 nM (IQR, 2,005 to 20,695 nM), whereas isolates with Ͼ1 copy of PftetQ had a median IC 50 of 3,422 nM (IQR, 1,240 to 10,606 nM) (P Ͻ 0.0007). Isolates with 2 PfTetQ KYNNNN motif repeats had a median IC 50 of 26,165 nM (IQR, 15,719 to 41,173 nM), whereas isolates with 3 PfTetQKYNNNN repeats had a median IC 50 of 3,352 nM (IQR, 1,554 to 10,987 nM) (P ϭ 0.0023). Chi-square analysis revealed a significant correlation between isolates with an IC 50 of Ͼ35,000 nM and occurrence of 2 PfTetQ KYNNNN motif repeats relative to those with IC 50 s of Ͻ35,000 nM (OR, 15;95% CI, 3.0 to 74.3; P Ͻ 0.0002) ( Table 1 ). The odds ratios of having Ͼ1 copy number of Pfmdt and PftetQ within isolates with IC 50 s of Ͼ35,000 nM relative to those with IC 50 s of Ͻ35,000 nM were 0.41 (95% CI, 0.04 -3.7; P value Ͻ 0.423) and 0.205 (95% CI, 0.02-1.6; P value ϭ 0.140), respectively.
DISCUSSION
In this study, we have shown that sample isolates with 2 PfTetQK YNNNN motif repeats are associated with reduced doxycycline susceptibility and with a significantly higher probability of having an IC 50 above the doxycycline resistance threshold of 35,000 nM. This is in line with previous studies in which Briolant et al. showed correlation of Ͻ3 PfTetQKYNNNN motif repeat(s) with reduced doxycycline susceptibility (16) . Interestingly, the PftetQ gene copy number was inversely associated with the isolate IC 50 . The median IC 50 of isolates with 1 copy of the PftetQ gene was significantly higher than that of isolates with Ͼ1 copy of PftetQ. However, the median IC 50 for isolates with 1 or 2 copies of the Pfmdt and PftetQ genes was Ͼ35,000 nM. These data suggest that although copy numbers of the Pfmdt and PftetQ genes might influence the parasite IC 50 , this genotype does not significantly influence the probability of a parasite having an IC 50 above the doxycycline resistance threshold.
Briolant et al. found sample isolates with more than 1 copy of the Pfmdt or PftetQ gene to be independently associated with decreased susceptibility to doxycycline (16) , which was later confirmed (17) . However, Gaillard et al. found that there was no association between copy numbers of the Pfmdt or PftetQ gene with susceptibility to doxycycline (18) . In our study, in line with the study of Briolant et al. (16) , isolates with more than 1 copy of the Pfmdt gene had a significantly higher median IC 50 . However, the reverse was observed for the PftetQ gene. The discrepancy observed might be explained by the location where the samples were obtained and the period during which they were collected. ]hypoxanthine basedassay versus SYBR green I-based assay), data interpretation and analysis (geometric mean versus mean versus median), the threshold which data were based on, sample size, parasite genetic background, population structure, and much more. Additional studies with more consistent, representative analytical methods using larger sample sizes and covering more representative regions of sub-Saharan Africa would eliminate regional bias and give an indepth perspective that is more conclusive of the role of Pfmdt and PftetQ copy numbers in conferring doxycycline resistance.
Tetracyclines such as doxycycline inhibit protein synthesis of bacteria and eukaryotes such as Plasmodium spp. Studies have shown that they attach at the proteins S4, S7, and S9 of the small ribosomal subunit 30S and with various ribonucleic acids of the rRNA 16S subunit (23) , preventing the binding of aminoacyl tRNA to site A of the ribosome and thus blocking elongation of protein translation. However, these mechanisms of action for Plasmodium are not clearly identified. There are three recognized mechanisms of bacterial cycline resistance: tetracycline modification, efflux, and ribosomal protection. Cycline efflux is mediated by tet efflux membrane-associated proteins, which export cyclines from the cytoplasm, thereby reducing drug intracellular concentrations. Analogues of tet efflux proteins have been found in P. falciparum (24) . Ribosomal protection proteins are cytoplasmic proteins that protect ribosomes from the action of tetracycline in a GTP-dependent way (25) and display sequence similarity to translation elongation factors EF-G/EF-2 and EF-Tu/EF-1 (26). The P. falciparum tetQ GTPase protein, the PftetQ gene product analogue, was discovered in Bacteroides by Nikolich et al. (27) . A previous study observed homology between amino acid sequences of five bacterial ribosomal protection proteins with the PftetQ gene product (24) . It is not well understood how reduction in the number of PfTetQ KYNNNN amino acid motif repeats enhances its protective effect on the ribosome; however, similar sequence polymorphisms such as increase in number of DNNND and DD NHNDNHNNDD microsatellite repeats within the Plasmodium falciparum sodium hydrogen exchanger (Pfnhe) have been linked to a reduction in the in vitro activity of quinine (28) .
The decline in doxycycline IC 50 s during the study period of 2010 to 2013 is indicative of increased susceptibility to the antibiotic. The use of doxycycline for malaria chemoprophylaxis by the local community is limited. However, it is used for treatment of Neisseria gonorrhea and Chlamydia trachomatis infections (29) . A reduction in the doxycycline IC 50 could also be explained by declining usage of the drug due to reduced prevalence of gonorrhea, which decreased from 3.2% to 2.7% between 2002 and 2010 (30) .
To further analyze the prevalence of P. falciparum reduced susceptibility to doxycycline in Kenya, it would be ideal to conduct both in vivo and in vitro surveillance of doxycycline protective efficacy against malaria among the international travelers who are on doxycycline prophylaxis while visiting Kenya and/or among expatriates who are temporarily residents in regions of malaria endemicity, such as western Kenya. It is important to continue monitoring the P. falciparum drug resistance profiles to doxycycline because this drug is still widely used as the drug of choice for chemoprophylaxis, especially for U.S. international travels and military personnel.
We have confirmed the association of a reduction in PfTetQ KYNNNN amino acid repeats with the doxycycline resistance phenotype (IC 50 of Ͼ35,000 nM) in Kenyan isolates. Pfmdt and PftetQ gene amplification was observed; however, this polymorphism was not strongly associated with the doxycycline resistance phenotype. This finding warrants further confirmatory studies to determine the role of this polymorphism in conferring resistance to doxycycline before it can be used as a reference molecular marker for reduced doxycycline susceptibility.
